PGC-1-related coactivator (PRC) has a dual function in growth-regulated mitochondrial biogenesis and as a sensor of metabolic stress. PRC induction by mitochondrial inhibitors, intracellular ROS, or topoisomerase I inhibition orchestrates an inflammatory program associated with the adaptation to cellular stress. Activation of this program is accompanied by the coordinate expression of c-MYC, which is linked kinetically to that of PRC in response to multiple stress inducers.
PRC 2 is a structurally and functionally unique member of the PGC-1 family of regulated coactivators (1, 2) . These coactivators can direct programs of gene expression in response to extracellular signals that govern multiple metabolic functions. PRC mRNA is induced by serum growth factors in the absence of de novo protein synthesis (3) placing the PRC gene (PPRC1) in the class of immediate early or primary response genes (4 -6) . Efficient PRC silencing in cultured human cells led to severe respiratory chain dysfunction accompanied by abundant atypical mitochondria (1, 7) . This classic mitochondrial loss of function phenotype was also observed upon tissue-specific disruption of several nuclear genes whose products are required by the mitochondrial genetic system (8 -10) . PRC is unique among PGC-1 family members in that mice with a germ line knock-out of PPRC1 exhibited early embryonic lethality (11) , a phenotype common to mouse knockouts of NRF-1, NRF-2, YY1, and other factors associated with the maintenance of mitochondrial function (12, 13) . Thus, PRC serves a distinct function in linking the cell growth program to the biogenesis of mitochondria (3, 14) .
In addition to its metabolic regulatory role, PRC is required for the induction of an inflammatory/stress response to multiple metabolic insults (15, 16) . Under conditions of mitochondrial impairment or replication stress, PRC orchestrates a program of inflammatory gene expression associated with apoptosis, premature senescence, and metabolic reprogramming (15, 16) . Induction of PRC and the PRC stress genes occurred in response to mechanistically diverse inhibitors of mitochondrial function including the respiratory chain uncouplers CCCP and DNP, a dominant negative allele of NRF-1, which inhibits mitochondrial biogenesis (17) , and meclizine, a respiratory chain inhibitor that directs a shift to glycolytic metabolism (18) . PRC induction coincides with the up-regulation of multiple genes associated with the adaptive response to cellular dysfunction including pro-survival inflammatory mediators and anti-apoptotic factors (15) . Several genes of this adaptive response overlap with genes of the inflammatory program of senescent cells and with inflammatory genes expressed in tumor microenvironments (15, 16) . The results demonstrate that PRC is an essential component of a mechanism that reprograms nuclear gene expression in response to mitochondrial stress.
A consistent feature of the PRC-dependent program is the tight coordinate regulation of PRC and c-MYC protein expression. In contrast to several other transcription factors associated with the nuclear control of mitochondrial function, c-MYC was coordinately up-regulated with PRC in response to the respiratory chain uncoupler CCCP (15) . In addition, PRC and c-MYC were induced coordinately by intracellular ROS production leading to apoptosis and to the induction of premature senescence through topoisomerase I inhibition (16) . More-over, the induction of PRC, c-MYC, and the PRC stress genes all showed the same antioxidant sensitivities depending upon the ROS dependence of the inducer. CCCP and menadione treatment led to the antioxidant-sensitive induction of PRC, c-MYC, and the stress genes, whereas the induction of all three by SN-38 was unaffected by antioxidant, suggesting that ROSdependent and -independent stress pathways converge on PRC and c-MYC. The striking coordination of PRC and c-MYC induction by multiple stress inducers and their identical antioxidant sensitivities suggested that PRC and c-MYC are part of the same cellular stress pathway.
Here, we explore the molecular mechanisms mediating the coordinate induction of PRC and c-MYC in response to mitochondrial stress. The results demonstrate that PRC induction by CCCP is coordinated with that of c-MYC through Akt-GSK-3 signaling that targets tandem GSK-3 consensus phosphorylation sites within the PRC carboxyl-terminal domain.
Results
A Requirement for c-MYC in the Coordinate Induction of PRC-PRC and c-MYC protein induction occurs in response to mechanistically distinct inhibitors of mitochondrial biogenesis and function (15, 16) . The steady-state expression of both proteins is highly sensitive to the inclusion of protease inhibitors in the cell lysis buffer. As shown in Fig. 1 , the amount of PRC detected in untreated U2OS or T98G cells dropped precipitously upon dilution of the protease inhibitor mixture present in the cell lysis buffer. In contrast, the induced PRC expression detected in extracts prepared from cells treated with inhibitors of mitochondrial oxidative phosphorylation, either CCCP ( Fig.  1A) or meclizine ( Fig. 1B) , was resistant to the progressive dilution of protease inhibitor. Interestingly, the expression of c-MYC followed a similar pattern. The low level of c-MYC expression detected in the absence of inducer was diminished upon dilution of the protease inhibitor mixture (Fig. 1 ). In con-trast, the induced level of c-MYC expression by either CCCP (Fig. 1A) or meclizine ( Fig. 1B ) was protease-resistant. Thus, CCCP and meclizine act by inducing PRC and c-MYC protein expression and by conferring resistance of both proteins to in vitro proteolysis. The enhanced inducer-dependent proteolytic stability likely reflects a change in the physical state of these molecules that coincides with the activation of the stress program.
The tight coordinate response of PRC and c-MYC to multiple inducers of cellular stress (15, 16) raised the question of whether c-MYC is required for induction of the PRC-dependent stress response. This was tested using the small molecule MYC inhibitor 10058-F4, which inhibits c-MYC by blocking its heterodimerization with myc-associated factor X, resulting in diminished c-MYC levels (19) . As shown in Fig. 2A , increasing concentrations of 10058-F4 inhibited the induction of both PRC and c-MYC by CCCP without affecting NRF-2␣ expression, demonstrating that c-MYC is required for the induction of PRC.
Treatment with c-MYC inhibitor also led to a concentrationdependent inhibition of the CCCP induction of representative PRC stress genes (IL-1␣, CCL20, ESM1, and CHRNA9) ( Fig.   FIGURE 1 . Inducer-dependent protease resistance of PRC and c-MYC. A, human log phase U2OS or T98G cells were plated and 24 -48 h later were treated with either vehicle (Ϫ) or CCCP (ϩ) for 24 h. Total cell extracts from subconfluent cells were prepared using the indicated dilution (X) of protease inhibitor mixture and subjected to immunoblotting using rabbit anti-PRC(1047-1379), mouse anti-c-MYC, or rabbit anti-NRF-2␣ antibodies. B, human log phase U2OS or T98G cells were plated as in A and treated with either vehicle (Ϫ) or meclizine (ϩ) for 48 h. Total cell extracts from subconfluent cells were prepared and subjected to immunoblotting as in A.
FIGURE 2. Suppression of the PRC stress program by c-MYC inhibitor.
A, human log phase U2OS cells were plated as in Fig. 1A and treated with vehicle or CCCP in the presence of the indicated concentration of the c-MYC inhibitor 10058-F4. Total cell extracts from subconfluent cells were prepared and subjected to immunoblotting using rabbit anti-PRC, mouse anti-c-MYC, or rabbit anti-NRF-2␣ antibodies. B, total RNA was prepared from log phase U2OS cells treated as in A. The fold induction by CCCP in the presence of the indicated concentrations of 10058-F4 of the PRC stress genes (IL1␣, CCL20, ESM1, and CHRNA9) compared with that of PRC, Tfam, and c-MYC was determined by quantitative real time PCR. RNA induction for each gene is expressed relative to the untreated control. The values are the averages Ϯ S.E. for at least three independent experiments with a minimum of two technical replicas for each determination. Differences with a p value Ͼ0.05 were taken as statistically insignificant as indicated by asterisk. C, human log phase U2OS cells were transfected with either control siRNA or c-MYC siRNA and treated 48 h posttransfection with either vehicle or CCCP for 16 h. Total cell extracts were prepared and subjected to immunoblotting using rabbit anti-PRC, mouse antic-MYC, or rabbit anti-NRF-2␣ antibodies.
2B). Although PRC and Tfam controls were also inhibited by 10058-F4, the effect was much greater for the PRC stress genes. At 100 M 10058-F4, the induction of the PRC stress genes by CCCP was reduced significantly with little effect on the PRC and Tfam controls. At 200 M 10058-F4, the induction of the stress genes by CCCP was inhibited 14 -25-fold compared with 4 -6-fold for PRC and Tfam. As observed previously (16) , c-MYC mRNA was induced by CCCP, whereas PRC mRNA expression remained unchanged. c-MYC mRNA induction was also inhibited significantly at both 10058-F4 concentrations, suggesting that c-MYC and/or PRC is required for the stressinduced expression of c-MYC mRNA. These results were confirmed by siRNA silencing of c-MYC. As shown in Fig. 2C , efficient silencing of c-MYC expression coincided with a marked reduction in PRC protein expression. The CCCP-induced level of PRC observed upon c-MYC silencing was below the uninduced level detected in cells treated with the control siRNA. Thus, both the pharmacological inhibition of c-MYC by 10058-F4 and c-MYC siRNA silencing are consistent with a requirement for c-MYC for the induction of PRC and the PRC stress genes by CCCP.
Identification of a PRC Negative Regulatory Domain Comprised of Tandem GSK-3 Consensus Phosphorylation Sites-Our current ( Fig. 2B ) and previous observations that the induction of PRC protein expression by CCCP was not accompanied by a concomitant increase in PRC mRNA suggested that PRC induction occurred by a post-transcriptional mechanism (16) . As a prelude to identifying the molecular determinants responsible, it was important to demonstrate that that PRC expressed from a transfected plasmid exhibited the same response to inducer as the endogenous protein. As shown in Fig. 3A , both endogenous PRC and HA-tagged PRC expressed from a transfected plasmid were induced by CCCP, and both exhibited inducer-dependent resistance to proteolysis. The controls included NRF-1-HA expressed from a transfected plasmid and endogenous tubulin, neither of which were induced by CCCP or affected significantly by the absence of protease inhibitor. Thus, HA-tagged PRC exhibited both the CCCP-dependent induction and protease resistance observed for the endogenous protein.
We had observed that a carboxyl-terminal deletion to PRC amino acid residue 1379 led to a marked increase in PRC steady-state expression, suggesting that the carboxyl-terminal domain contains a negative regulatory motif. Thus, a series of carboxyl-terminal deletions was constructed for the purpose of defining the negative regulatory domain within this region. As shown in Fig. 3 (B and C), progressive deletion from the carboxyl terminus led to increased PRC steady-state expression under conditions where the tubulin control was unaffected. Expression increased upon deletion of the interval between , and the RNA recognition motif (vertically striped box) are indicated. C, the HA-tagged PRC derivative containing each carboxyl-terminal deletion depicted in B was constructed in HA-PRC/pSV-Sport and transfected into U2OS cells. Total cell extracts were prepared in the presence (ϩ) or absence (Ϫ) of protease inhibitor mixture and subjected to immunoblotting using rat anti-HA or mouse anti-tubulin as the control. The same deletion series was analyzed from cells either untreated (ϪCCCP, upper panels) or treated with CCCP (ϩCCCP, lower panels). 1379. Interestingly, all of the deleted molecules were completely degraded when the protease inhibitor mixture was omitted from the lysis buffer ( Fig. 3C , ϪCCCP, upper panels). Thus, the carboxyl terminus has a marked effect on PRC steady-state expression without affecting its proteolytic stability.
When the same experiment was performed in cells treated with CCCP ( Fig. 3C , ϩCCCP, lower panels), all of the deletion constructs were expressed at similar high levels relative to the tubulin control, and all were resistant to in vitro proteolysis in the absence of protease inhibitor. The findings suggest that treatment of cells with the inducer results in an intrinsic change in structure, a molecular interaction, or both, which enhances PRC stability in vitro. Notably, the induction of PRC by CCCP was diminished upon deletion of the interval between 1516 and 1497, which corresponded to the breakpoint for the enhanced steady-state expression in the absence of CCCP ( Fig. 3C ). Thus, the carboxyl-terminal domain bounded by amino acids 1664 and 1497 can act as a potent negative regulator of PRC steadystate levels.
The identification of the carboxyl terminus as a regulatory domain contributing to PRC induction was investigated further by constructing a series of progressive internal deletions from residues 1379 to 1532 ( Fig. 4A ) and testing the induction of each by CCCP (Fig. 4B ). In agreement with the results of Fig. 3C , PRC induction was relatively unaffected until deletion of the interval bounded by residues 1497 and 1532 ( Fig. 4B ). This region contained perfect matches to GSK-3 ((S/T)XXX(S/T)P) (20) and Akt (RXRXX(S/T)) (21) consensus phosphorylation sites that are conserved among eight mammalian species (Fig. 4C ). The suppression of PRC induction occurred in part because of the increased level of PRC expression in the absence of inducer, consistent with the deletion of a negative regulatory site.
GSK-3␤ can exert negative control of c-MYC expression through its phosphorylation of a GSK-3 site at Thr 58 (22, 23) . The tight coordinate regulation of PRC and c-MYC suggested that PRC and c-MYC may be coordinately regulated by GSK-3. Therefore, the effect of GSK-3 on PRC induction was tested by introducing a small deletion removing the GSK-3 consensus sites at amino acid residues 1505 and 1507 ( Fig. 4C , PRC⌬1501-1508). This small deletion led to high steady-state expression compared with full-length PRC and the loss of induction by CCCP (Fig. 4D ). The result is consistent with the negative regulation of PRC expression through GSK-3 phosphorylation of one or both of these sites.
The role of GSK-3 was further confirmed by converting the two GSK-3 serine phosphorylation sites at amino acid residues 1505 and 1507 to alanines (PRC S1505A,S1507A). Interestingly, site-directed mutagenesis of these two residues alone resulted in an increase in PRC steady-state expression in the absence of inducer resembling that observed for the 1501-1508 deletion (Fig. 4D ). These results strongly implicate the serine residues at FIGURE 4. Assignment of a negative regulatory motif to tandem GSK-3 consensus phosphorylation sites. A, schematic representation of constructs used for deletion mapping. B, the deletion constructs described in A were analyzed for CCCP induction by immunoblotting following transfection as described in Fig.  1B . C, sequence comparison of the PPRC1 gene from the indicated eight mammalian species in the region bounded by human PRC amino acids 1497-1520. The conserved GSK-3 consensus phosphorylation sites between amino acids 1501 and 1508 are indicated by a solid bar. Potential GSK-3 and Akt serine phosphorylation sites are shaded in red. D, the CCCP induction and protease resistance of HA-tagged full-length PRC was compared with that of the same construct containing either a small deletion encompassing the GSK-3 sites (PRC⌬1501-1508) or site-directed conversion of the serine phosphorylation sites at residues 1505 and 1507 to alanines (PRC S1505AϩS1507A). E, the AZD2858 induction and protease resistance of HA-tagged full-length PRC was compared with that of the same construct containing either a small deletion encompassing the GSK-3 sites (PRC⌬1501-1508) or site-directed conversion of the serine phosphorylation sites at residues 1505 and 1507 to alanines (PRC S1505AϩS1507A). As with full-length PRC, the protease resistance of PRC(⌬1501-1508) and PRC(S1505A,S1507A) was dependent on the induction of cellular stress by CCCP ( Fig. 4D ). Thus, in the absence of inducer, GSK-3 acts as a negative regulator of PRC steady-state expression.
Further proof that GSK-3 acts through the GSK-3 sites bounded by PRC(⌬1501-1508) was obtained using AZD2858, a novel GSK-3 inhibitor developed by AstraZeneca (24) . As observed with CCCP, AZD2858 induced PRC(FL) (Fig. 4E) , a result consistent with the negative control of PRC expression by GSK-3. By contrast, the drug had no effect on the steady-state expression of PRC(⌬1501-1508) and PRC(S1505A,S1507A), confirming that the serine residues at 1505 and/or 1507 are required for negative regulation by GSK-3. Interestingly, in contrast with CCCP, AZD2858 induction of PRC was not accompanied by enhanced proteolytic stability. This is consistent with the results in Fig. 3C and suggests that CCCP-dependent step(s) are required for protease resistance.
Effects of GSK-3 Inhibition on the PRC Stress Program-If GSK-3 is a negative coordinate regulator of PRC and c-MYC expression, then GSK-3 inhibition would be expected to induce the endogenous proteins. As shown in Fig. 5A , treatment of cells with AZD2858 led to the induction of both PRC and c-MYC under conditions where the NRF-2␣ control was unaffected. However, compared with CCCP, AZD2858 was a less potent inducer of c-MYC induction under conditions where PRC displayed similar levels of induction by both agents. Drug concentrations were chosen based on their maximal induction of PRC protein levels, which occurred between 1 and 2 M AZD2858 and 25 and 40 M CCCP. Interestingly, CCCP treatment led to a robust increase in the phosphor-inactivated form of GSK-3␤ without changing the expression of either GSK-3␣ or ␤ isoforms. By contrast, AZD2858 decreased both GSK-3␣ and ␤ expression. Note that although the antibody used to detect phosphorylated GSK-3 is directed at both GSK-3␣ phosphorylation at Ser 9 and GSK-3␤ phosphorylation at Ser 21 , all of the phosphor-GSK-3 detected comigrates with the ␤ isoform. Thus, the CCCP induction of PRC and c-MYC coincides with an increase in the inactivated phosphorylated form of GSK-3␤.
The induction of PRC and c-MYC by GSK-3 inhibition did not lead to the stabilization of either molecule to in vitro proteolysis (Fig. 5B ). This result is consistent with the protease sensitivity observed for PRC(⌬1501-1508) and PRC(S1505A,S1507A) lacking the GSK-3 consensus sites (Fig.  4 , D and E). Thus, blocking the phosphorylation of PRC by mutation of the GSK-3 sites or by inhibiting GSK-3 activity was not sufficient to confer protease resistance on either PRC or c-MYC.
A comparison of the induction of representative PRC stress genes (IL-1␣, CCL20, ESM1, and CHRNA9) by CCCP to that of AZD2858 revealed a more modest induction by the GSK-3 inhibitor. In contrast to the robust induction of all four stress genes by CCCP ( Fig. 5C ), only two of the four (IL-1␣ and ESM1) were induced by AZD2858 ( Fig. 5D ) and at levels lower than that observed for CCCP ( Fig. 5C ). Thus, although both AZD2858 and CCCP led to the coordinate induction of PRC and c-MYC, the two agents exhibited quantitative differences in their effects on stress gene expression. These differences, along with the inability of AZD2858 to confer protease resistance on either PRC or c-MYC, suggest that stress-dependent events, in addition to the induction of PRC and c-MYC proteins by GSK-3 inhibition, are required for maximal activation of the PRC stress program. The results are consistent with the c-MYC inhibitor experiments ( Fig. 2 ) and further confirm that c-MYC is limiting for maximal induction of the PRC stress program.
As observed for other inducers of the program (16), neither Tfam nor PRC mRNAs were induced significantly by either CCCP or AZD2858. This contrasts with c-MYC mRNA, which was induced ϳ9-fold by CCCP ( Fig. 5C ) but not at all by AZD2858 (Fig. 5D ). The inability of AZD2858 to induce c-MYC mRNA coincided with the muted induction of c-MYC protein and of the PRC stress genes (Fig. 5 ). The results suggested that in contrast to PRC, control of c-MYC expression at the mRNA level is a major contributor to the stress response.
Because c-MYC is known to be regulated both transcriptionally and post-transcriptionally, it was of interest to assess the contribution of changes in protein half-life to the CCCP-induced expression of both proteins. This was accomplished by measuring the rate of protein decay following treatment of cells with cycloheximide. As shown in Fig. 6 , in untreated cells, PRC and c-MYC exhibited short protein half-lives of ϳ30 min ( Fig.  6B ) and 20 min ( Fig. 6C) , respectively. However, in CCCPtreated cells, the PRC half-life increased severalfold to ϳ94 min (Fig. 6B) , whereas the c-MYC half-life remained relatively unchanged (Fig. 6C ). This result, in conjunction with the differences in mRNA induction, suggested that PRC induction is regulated post-translationally. The increased PRC half-life by CCCP is consistent with the mutational analyses showing enhanced PRC steady-state expression upon mutation of the GSK-3 consensus phosphorylation sites (Fig. 4) .
Akt-GSK-3␤ Signaling in the Response to Respiratory Chain Uncoupler-In confirmation of the data in Fig. 5A , the coordinate induction of PRC and c-MYC by CCCP was accompanied by an increase in the phosphor-inactivated form of GSK-3␤ without affecting total GSK-3␣ or ␤ (Fig. 7A) . Moreover, the induction of PRC, c-MYC, and GSK-3␤ by CCCP coincided with an increase in Akt activation as measured using an antibody specific to the activated form of Akt phosphorylated at Ser 473 (pAkt(Ser 473 )) ( Fig. 7A ). This is consistent with the findings of others showing Akt activation in response to mitochondrial stress (25) . The effect of Akt activation on the CCCP induction of PRC and c-MYC was tested using the Akt inhibitor MK-2206, which inhibits Ser 473 phosphorylation and activation of Akt (26) . Akt activation was completely blocked when MK-2206 was included in the culture medium (Fig. 7A ). The suppression of Akt activation by MK-2206 occurred in the absence of a similar reduction of total Akt levels and coincided with the down-regulation of PRC, c-MYC, and the phosphorinactivated from of GSK-3␤ (Fig. 7A) . Thus, activated Akt is a positive regulator of PRC and c-MYC induction by CCCP.
The role of Akt activation on the induction of the PRC stress genes was determined by measuring the inhibitory effect of MK-2206 on PRC stress gene induction by CCCP. As shown in Fig. 7B , the induction of the PRC stress genes (IL-1␣, CCL20, and ESM1) by CCCP was markedly inhibited by MK-2206 compared with a modest inhibition of the PRC and TFAM controls. Note that the inhibition of the CCCP-induced expression of CHRNA9 by MK-2206 fell just outside the range of statistical significance with a p value of 0.09. The coordinate down-regulation of PRC stress gene induction by the Akt inhibitor argues that an Akt-dependent step is required for activation of the PRC stress program by CCCP. This likely involves the phosphorinactivation of GSK-3␤ by Akt. The results are consistent with a role for Akt-GSK-3 stress signaling for the concerted action of PRC and c-MYC in the induction of the PRC stress response to respiratory chain uncoupler. Inducer Specificity of the PRC Stress Response-It was of interest to determine whether Akt-GSK-3 signaling was a general feature of the PRC-and c-MYC-dependent response to mitochondrial impairment. Meclizine is an inhibitor of mitochondrial respiration that induces PRC and c-MYC coordinately along with several of the PRC stress genes (16) . Surprisingly, the coordinate induction of PRC and c-MYC by meclizine was not accompanied by increased phosphor-inactivated GSK-3␤ relative to total GSK-3 levels (Fig. 8A ). However, Akt phosphorylation was induced by meclizine in the absence of an increase of total Akt. Moreover, the complete suppression of activated Akt by MK-2206 led to diminished PRC and c-MYC protein induction (Fig. 8A) , although not to the baseline levels observed for CCCP ( Fig. 7A) . These results suggest that Akt may signal to PRC and c-MYC through a GSK-3-independent mechanism.
Although meclizine induced the expression of all four representative PRC stress genes, the magnitude of the response for several of the genes (CCL20, ESM1, and CHRNA9) was lower compared with that mediated by CCCP (Fig. 8C ). However, meclizine induced IL-1␣ mRNA to a level comparable with that mediated by CCCP, and its induction was inhibited significantly by MK-2206. Thus, the Akt-dependent induction of IL-1␣ is common to both inhibitors of mitochondrial energy production. This is notable because of the central role of IL-1␣ in stress signaling (27, 28) . By contrast, CCL20 was not affected significantly by MK-2206, and ESM1 and CHRNA9 were markedly induced by the Akt inhibitor. Thus, although the induction of all four PRC stress genes is common to both inducers, Akt inhibition can exert inducer-specific effects on the expression of individual genes. The results suggest that inducer-specific signaling mechanisms operate to modulate the response to alternative forms of mitochondrial stress.
The differential effects of AZD2858, CCCP, and meclizine on the expression of the PRC stress genes may result from the severity of the stress elicited by each agent. Cells treated with AZD2858, under conditions of maximal PRC induction, were indistinguishable morphologically from untreated cells, were mitotically active (Fig. 9A) , and exhibited little loss of cell viability ( Fig. 9B) . By contrast, CCCP-or meclizine-treated cells became growth-arrested with a significant loss of cell viability. The CCCP-treated cells exhibited numerous cytoplasmic projections, whereas the cytoplasm of meclizine-treated cells became extensively vacuolated (Fig. 9A ). These features differ from the senescent phenotype observed for SN-38-treated cells (16) and confirm that the coordinate induction of PRC and c-MYC is independent of the morphological changes associated with individual stress inducers.
It was possible that variation in stress gene expression resulted from differences in the oxidant sensitivity of the response of PRC and c-MYC to each inducer. As observed previously, the PRC stress response to CCCP and menadione was blocked by NAC, whereas the response to SN-38 was NACresistant (16) . As shown in Fig. 8C , the induction of PRC and c-MYC by all three agents was inhibited by NAC. Thus, differences in oxidant signaling are unlikely to account for the inducer-specific effects on stress gene expression. The results suggest that the stress response differed according to the severity of the effect of each agent on cell viability. Notably, diminished cell viability by meclizine and CCCP coincided with the enhanced proteolytic stability of both PRC and c-MYC, suggesting a contribution by stress-dependent factors related to growth arrest.
Discussion
Here, we show that c-MYC works in concert with PRC as an essential component of the PRC-dependent response to mito- This inducer-dependent protease resistance, assayed by the stability of both proteins upon dilution of protease inhibitor mixture in the cell lysis buffer, likely reflects an intrinsic change in the structure of these molecules that facilitates the reprogramming gene expression ( Fig. 10 ).
However, this in vitro stability appears not to reflect a common intracellular mechanism of PRC and c-MYC turnover because CCCP treatment increased PRC half-life without affecting that of c-MYC. Notably, PRC has been identified as a member of the ubiquitin-modified proteome (29) , and PRC expression is abundantly induced by proteasome inhibitors (15) . Stress-inducible post-translational modifications that regulate the delivery of proteins to the proteasome through their effects on E3 ligases have been described (30) .
GSK-3␤ is a known negative regulator of c-MYC expression through its phosphorylation of Thr 58 , an event that promotes c-MYC degradation by the ubiquitin proteasome system (23, 31) . GSK-3␤ inhibition by AZD2858 led to the robust induction of PRC consistent with the negative regulation of PRC through its phosphorylation by GSK-3␤. However, failure of the GSK-3 inhibitor to induce c-MYC mRNA correlated with a more muted induction of both c-MYC protein and of the PRC stress genes. Thus, although PRC is necessary for the induction of the inflammatory stress program, it is not sufficient to trigger a robust response in the absence of a concomitant increase in c-MYC expression. The results support the conclusion that PRC and c-MYC induction by CCCP occurs through coordination of c-MYC mRNA expression with the post-translational induction of PRC.
In addition to the induction of PRC by GSK-3␤ inhibition, the negative regulation of PRC through GSK-3␤ phosphoryla- tion was further supported by mutational analyses. Following the identification of a negative regulatory domain by fine deletion mapping, conversion to alanines of GSK-3 consensus serine phosphorylation sites at amino acids 1505 and 1507 within this domain led to markedly elevated PRC protein levels. It is notable that these same PRC GSK-3 sites were identified as serine phosphorylation sites in the phosphoproteome of human embryonic stem cells (32) . Moreover, PRC induction by CCCP was accompanied by a marked increase in the phosphorinactivation of GSK-3␤, a result consistent with the derepression of PRC induction through inhibition of its phosphorylation by GSK-3␤. Thus, multiple independent lines of evidence support the regulatory role of GSK-3␤ in the post-translational control of PRC steady-state expression. We conclude that the down-regulation of GSK-3␤ is a terminal event in a stress signaling pathway that responds to respiratory chain uncoupling by up-regulating PRC (Fig. 10) .
Akt is one of a number of stress kinases that can phosphorylate and thereby repress GSK-3 activity (33) . The observation that the inhibition of Akt activation by MK-2206 blocks the CCCP induction of PRC, c-MYC, and the PRC stress genes argues that CCCP requires Akt activation to orchestrate the stress response. In addition to its role in the phosphor-inactivation of GSK-3, Akt may be required for the expression of interacting partners, a modification of PRC or its cofactors, or some combination of the two. Others have shown that increased Akt activation is required for mitochondrial stress signaling through direct phosphorylation of the hnRNPA2 coactivator (25) .
Although PRC and c-MYC protein expression are tightly coordinated in response to a number of stress inducers, only c-MYC is induced at the mRNA level by both CCCP and meclizine (16) . AZD2858 differs from CCCP and meclizine in that it does not enhance the proteolytic stability of PRC and c-MYC and has no significant effect on cell viability. The results argue that stress-dependent events that impact cell viability are required for full execution of the stress program (Fig. 10 ). c-MYC mRNA induction has been observed in response to mitochondrial dysfunction resulting from depletion of mitochondrial DNA (34, 35) . Although the specific function of c-MYC in retrograde (mitochondria to nucleus) signaling has not been investigated, the findings are consistent with the increased c-MYC mRNA and protein expression observed upon treatment of cells with multiple stress inducers, including mitochondrial inhibitors (16) .
Although meclizine induction of the stress program requires PRC (16) , its induction of PRC and c-MYC did not coincide with the increased phosphor-inactivation of GSK-3␤. In contrast to CCCP, which acts directly to uncouple the respiratory chain, meclizine inhibits mitochondrial respiration through its inhibition of phosphoethanolamine metabolism (36) . PRC is a large molecule with many potential modification sites, and it is likely that meclizine mediates its effects through unidentified stress-dependent modifications. The differential effects of Akt inhibition on the meclizine induction of several PRC stress genes may reflect alternative regulatory inputs.
Despite these differences, IL-1␣ mRNA is markedly induced by both CCCP and meclizine, and in both cases its induction is inhibited by the Akt inhibitor MK-2206. The results suggest that Akt-dependent induction of IL-1␣ is common to mitochondrial stress pathways. The interleukin-1 family of cytokines exerts pleiotropic effects including the induction of a large number of genes in many cell types (37) . Although the extracellular effects of IL-1 in inflammation are well established, much less is known about its intracellular actions (38) . IL-1␣ plays a major role in sterile inflammation (39) and is a sensor of DNA damage (27) . It is also a major driver of the senescence-associated inflammation that has been linked to age-related disease (28, 40) . The PRC-and c-MYC-dependent induction of IL-1␣ in response to mitochondrial stress may represent a novel link between mitochondrial dysfunction and agerelated inflammation.
A number of studies have linked c-MYC to stress response programs that are adaptive in promoting cell survival (reviewed in Ref. 41) . Functional roles for c-MYC include the induction of autophagy (42, 43) , activation of the DNA damage response (44) , promotion of a pro-survival antioxidant response (45) , and the generation of an inflammatory program that facilitates In addition to the induction of PRC and c-MYC, full execution of the stress response requires unidentified stress-dependent events that coincide with the in vitro protease resistance of both proteins. We speculate that this stress-dependent resistance to in vitro proteolysis reflects a change in the physical state of both that is required for the adaptive reprogramming of gene expression. DECEMBER 2, 2016 • VOLUME 291 • NUMBER 49
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tumor progression (46) . In the latter case, MYC has been implicated in tumor angiogenesis through the pro-inflammatory cytokine, IL-1␤, providing a link between MYC-driven inflammation and the remodeling of the tumor microenvironment (47) . Moreover, a recent gain-of-function screen for human proteins that control mitochondrial function identified GLTSCR2/PICT1 as an evolutionarily conserved regulator of mitochondrial respiration (48) . Interestingly, GLTSCR2 was found to regulate MYC expression, and both were up-regulated in response to mitochondrial stress. The results implicated GLTSCR2 and MYC in the adaptive response to mitochondrial impairment. These examples are consistent with a role for MYC in linking mitochondrial dysfunction to pro-survival stress pathways.
The concerted action of PRC and c-MYC in reprogramming gene expression in response to mitochondrial stress represents a novel functional association. The control of c-MYC expression through Akt-GSK-3 signaling has been documented (22, 23) , and the current findings implicate a similar pathway in the control of PRC expression in response to CCCP. Both proteins are up-regulated in human cancers (13, 49) where aerobic glycolysis contributes essential intermediates for rapid proliferation (50) and where a pro-inflammatory microenvironment can promote tumor progression (51) . Concerted action by PRC and c-MYC may contribute to these through increased lactate production and the induction of inflammatory and glycolytic gene expression (15, 16) . This is consistent with recent findings linking c-MYC to inflammatory mediators that promote tumor progression (46, 47) .
The discovery of a pro-survival inflammatory stress program mediated through the concerted action of PRC and c-MYC may provide insights for targeting pro-survival pathways in the context of human disease. Akt is encoded by an oncogene that is up-regulated in human cancers (52) and has been implicated in the inactivation of the apoptotic machinery (53, 54) , making it an important therapeutic target. The Akt inhibitor, MK-2206, which inhibits the PRC stress response to CCCP, is currently in clinical trials (55, 56) . In addition, GSK-3 inhibition by AZD2858 has been associated with enhanced osteogenesis in rodent models (24) . However, signaling through Akt and GSK-3 can affect many essential cellular functions including cell proliferation and metabolism (33, 57) . Thus, it may be desirable to target only those adaptive functions that promote cell survival. Further understanding of the molecular mechanisms driving the PRC and c-MYC response to mitochondrial stress may lead to new targets that can modulate the pro-survival machinery, leading to more effective therapeutics.
Experimental Procedures
Plasmids-The amino-terminal HA tag in the plasmid HA-FL-PRC/pSV-Sport was derived by incorporating an HA tagcontaining SalI/AscI fragment derived from pSG5NRF-1-HA (58) by PCR using sense (5Ј-AAAGTCGACTGGGTGTTCAG-GGGCCAAGATGTATCCTTATGATGTTCCT-3Ј) and antisense (5Ј-AAAGGCGCGCCGCAGCGTAATCAGGAACAT-CATAAGGATA-3Ј) primers. The PRC amino terminus in FL-PRC/pSV Sport (14) was replaced with the SalI/AscI PCR product containing the HA tag.
PRC carboxyl-terminal deletions (residues 1-1532, 1-1516, 1-1497, 1-1479, 1-1461, 1-1436) were generated by PCR using HA-FL-PRC/pSV-Sport as a template. PRC fragments containing the deletions were amplified using a DraIII sense primer (5Ј-AAAAAACACAAGGTGTCTGCCCTGGTGCA-3Ј) and the corresponding NotI antisense deletion primers (1-1532, 5Ј-AAAAGCGGCCGCTCACACTCTTTGCC-TTTGG-3Ј; 1-1516, 5Ј-AAAAGCGGCCGCTCACCGCCTC-CTGTCACT-3Ј; 1-1497, 5Ј-AAAAGCGGCCGCTCAGGA-TGATGAGGATGA-3Ј; 1-1479, 5Ј-AAAAGCGGCCG-CTCAGCATCTTCGAGAACG-3Ј; 1-1457, 5Ј-AAAAGCG-GCCGCTCAGGACCTGGACCGAGA-3Ј; AND 1-1436, 5Ј-AAAAGCGGCCGCTCACCGGTTGGACCCAGA-3Ј). The carboxyl-terminal DraIII-NotI fragment of HA-FL-PRC/pSV Sport was replaced by the individual PCR products containing the deletion. HA-PRC(1-1379)/pSV-Sport was derived from PRC(1-1379)/pSV-Sport (3).
Internal PRC deletions (⌬1379 -1436, ⌬1379 -1461, ⌬1379 -1479, ⌬1379 -1497, ⌬1379 -1516, ⌬1379 -1532, and ⌬1501-1508) and site-directed point mutations (S1505A,S1507A) were introduced by PCR using HA-FL-PRC/pSV-Sport as a template as described (3) . PCR primers containing the desired base changes or deletions were used in conjunction with either the DraIII-containing sense or NotI-containing antisense primers used for the carboxyl-terminal deletions to generate overlapping PCR products that were then used as templates for the amplification of a DraIII-NotI PCR product for cloning into DraIII and NotI-digested HA-FL-PRC/pSV-Sport. The mutagenesis primers were as follows: ⌬1379 -1436 (sense 5Ј-TTGCTGTCCCCTGAGACTAGCGAAGCA-TCT-3Ј and antisense 5Ј-AGATGCTTCGCTAGTCTC-AGGGGACAGCAA-3Ј), ⌬1379 -1461 (sense 5Ј-TTGCT-GTCCCCTGAGCACAAGAGGTGGCGA-3Ј and antisense 5Ј-TCGCCACCTCTTGTGCTCAGGGGACAGCAA-3Ј), ⌬1379 -1479 (sense 5Ј-TTGCTGTCCCCTGAGTCTT-CCTCTTCTTCG-3Ј and antisense 5Ј-CGAAGAAGAG-GAAGACTCAGGGGACAGCAA-3Ј), ⌬1379 -1497 (sense 5Ј-TTGCTGTCCCCTGAGAGTTCTCGAAGCCGC-3Ј and antisense 5Ј-GCGGCTTCGAGAACTCTCAGGGGACAG-CAA-3Ј), ⌬1379 -1516 (sense 5Ј-TTGCTGTCCCCTGAGC-GGTACAGCTCTTAT-3Ј and antisense 5Ј-ATAAGAGCT-GTACCGCTCAGGGGACAGCAA-3Ј), ⌬1379 -1532 (sense 5Ј-TTGCTGTCCCCTGAGCTACAAAAGGAGCGT-3Ј and antisense 5Ј-ACGCTCCTTTTGTAGCTCAGGGGACA-GCTT-3Ј), ⌬1501-1508 (sense 5Ј-TCATCATCCAGT-TCTCGACGCCGGAGAAGTGACAGG-3Ј and antisense 5Ј-CCTGTCACTTCTCCGGCGTCGAGAACTGGATGATGA-3Ј), and S1505A,S1507A (sense 5Ј-AGCCGCTCACGAGCAC-CAGCACCCCGCCGGAGA-3Ј and antisense 5Ј-TCTCC-GGCGGGGTGCTGGTGCTCGTGAGCGGCT-3Ј).
Cell Culture and Transfections-U2OS and T98G cells were obtained from ATCC and maintained in DMEM (Invitrogen) with 10% fetal bovine serum (HyClone) and 1% penicillinstreptomycin (Invitrogen). The cells were plated at a density of 1 ϫ 10 6 cells/10-cm dish, grown for 24 -48 h, and then subjected to treatment with various agents as follows: 40 M siRNA-Silencing of c-MYC protein expression in U2OS cells was achieved using ON-TARGETplus Human MYC siRNA SMARTpool with ON-TARGETplus non-targeting pool as a negative control (GE Healthcare Dharmacon, Inc.). The cells were plated in 6-well plates at a density of 1.9 ϫ 10 5 cells/well and transfected with 100 nM siRNA using Lipofectamine 2000 (Invitrogen). At 48 h post-transfection, the cells were treated with 40 M CCCP or vehicle control for 16 h, and the cell extracts were prepared for immunoblotting.
Immunoblotting-Whole cell lysates were prepared in Nonidet P-40 lysis buffer as described previously (14) . A 7ϫ stock solution of protease inhibitor was prepared by dissolving one tablet of Complete Mini protease inhibitor mixture (Roche) in 1.2 ml of H 2 O. Unless otherwise indicated, protease inhibitor was used at a concentration of 1ϫ in the cell lysis buffer. Extracts were subjected to denaturing gel electrophoresis, and the proteins were transferred to nitrocellulose membranes (Schleicher & Schuell) as described (7, 15) . Primary antibodies were rabbit anti-PRC (1047-1379) (3), mouse anti-c-Myc (9E10) (Thermo Scientific), rabbit anti-NRF2␣ (59), mouse anti-tubulin (Sigma), rabbit anti-pGSK-3␣/␤ (Ser 9/21 ) (Cell Signaling), rabbit anti-GSK-3␣/␤ (Cell Signaling), rabbit anti-pAkt (Ser 473 ) (Cell Signaling), and rabbit anti-Akt (Cell Signaling). Hemagglutinin-tagged proteins were detected using rat anti-HA-peroxidase monoclonal antibody (Roche).
Quantitative Real Time PCR-Total RNA was purified using TRIzol reagent (Invitrogen) and quantitative real time PCR carried out as described (7, 15, 16) .
Protein Half-life Determination-Human log phase U2OS cells were plated in 6-well plates at a cell density of 3-4 ϫ 10 5 cells/well and 24 h later were treated with either vehicle (Ϫ) or CCCP (ϩ) for 16 h. The cells were then treated with cycloheximide (40 g/ml; Sigma) and harvested at various times following cycloheximide treatment. Whole cell extracts were prepared and subjected to immunoblotting using rabbit anti-PRC(1047-1379), mouse anti-c-MYC, or rabbit anti-NRF-2␣ antibodies. Immunoblots were imaged, and protein bands were quantitated using a Bio-Rad ChemiDoc XRSϩ with Image Lab software. The values were normalized to the NRF-2␣ control for each time point, and the protein degradation rate (t1 ⁄2 ) is expressed as the time for degradation of 50% of the protein.
Cell Viability Assay-U2OS cells were plated at 20,000 cells/ well in a black-walled 96-well plate and allowed to grow for 24 h. The cells were treated with AZD2858 (24 h), CCCP (24 h), or meclizine (72 h), washed twice with PBS, and treated with medium containing 10 g/ml resazurin (Sigma) for 1.5 h. Fluorescence was measured in a Spectramax fluorescence microplate reader with an excitation and emission wavelengths of 545 and 590 nm, respectively.
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